Spiroplasma, small motile wall-less bacteria, are linked by molecular and serological studies to the transmissible spongiform encephalopathies (TSEs), which include scrapie in sheep, chronic wasting disease (CWD) in deer and Creutzfeldt-Jakob disease in humans. In this study, two experiments were undertaken to determine the role of spiroplasma in the pathogenesis of TSE. In experiment 1, Spiroplasma mirum, a rabbit tick isolate that had previously been shown to experimentally induce spongiform encephalopathy in rodents, was inoculated intracranially (IC) into ruminants. S. mirum-inoculated deer manifested clinical signs of TSE after 1.5 to 5.5 months incubation. The deer, as well as sheep and goats, inoculated with S. mirum developed spongiform encephalopathy in a dose-dependent manner. In experiment 2, spiroplasma closely related to S. mirum were isolated from TSE-affected brains via passage in embryonated eggs, and propagated in cell-free M1D media. Spiroplasma spp. isolates from scrapie-affected sheep brain and from CWD-affected deer brain inoculated IC into sheep and goats induced spongiform encephalopathy closely resembling natural TSE in these animals. These data show spiroplasma to be consistently associated with TSE, and able experimentally to cause TSE in ruminant animal models, therein questioning the validity of studies that have concluded the prion, a miss-folded protease-resistant protein that builds up in TSE brains during the course of the disease, to be the sole causal agent. The spiroplasma infection models reported here will be important for investigating factors involved in the pathogenesis of TSE since ruminants are the natural hosts.
INTRODUCTION
The transmissible spongiform encephalopathies (TSEs), including scrapie in sheep, chronic wasting disease (CWD) in deer and Creutzfeldt-Jakob disease (CJD) in humans, are caused by a filterable pathogen, the nature of which is controversial. Studies involving genetically altered transgenic animals have concluded that the only agent in TSE is the prion (Telling, 2000) , a protease-resistant protein that builds up in TSE brains during the course of the disease.
On the other hand, there is evidence that TSE infectivity and the prion are not one and the same (Manuelidis et al., 1995; Sakaguchi et al., 1993; Xi et al., 1992) . Although the prion may be important in the pathogenesis of TSE, something is missing since the prion cannot by itself induce TSE. Several recent attempts to do so have not been convincing (Legname et al., 2004; Castilla et al., 2005) . Even proponents of the prion concept have suggested that other factors are involved (Kaneko et al., 1997) . There is evidence suggesting that the prion may serve as a receptor protein for a bacterium (Watarai et al., 2003) , which supports our hypothesis that spiroplasma, a wall-less bacterium, is a factor in the pathogenesis of TSE (Bastian, 2005) . Spiroplasma-like bacteria were initially shown in CJD brains by electron microscopy (EM) (Bastian, 1979; Bastian et al., 1981; Gray et al., 1980; Reyes & Hoenig, 1981) , and spiroplasma 16S rDNA has IP: 54.70.40.11
On: Sat, 03 Aug 2019 00:53:05 been demonstrated in the majority of tested brains affected with TSE (Bastian et al., 2004) . Rabbit antisera directed against scrapie-associated fibrils (Merz et al., 1983) , a consistent morphological marker for TSE, also reacted with multiple spiroplasma antigens (Bastian et al., 1987a) . Sera from CJD patients and sheep with scrapie had antibodies to unique spiroplasma proteins that were not present in controls (Moyer, 2004) . Spiroplasma mirum has experimentally induced persistent brain infection in mice (Clark, 1974) , and S. mirum infection in suckling rats is manifested by neurological deterioration and spongiform encephalopathy Tully et al., 1984) . The problem is that current studies of TSE have been limited to investigations of genetically altered transgenic mice rather than studies of the behaviour of the infectious agent in its natural hosts. In this study, ruminant models, including sheep, goats and deer, were experimentally inoculated with spiroplasma; neonates were chosen since experimental TSE produces clinical disease in suckling mice with shortened incubation (McKinley et al., 1989) . The spiroplasma inocula included a S. mirum laboratory strain, a suckling mouse cataract agent (SMCA) that had undergone repeated passages in cell-free media (Tully et al., 1977) , and Spiroplasma spp. isolated from TSE-affected ruminant brains in embryonated eggs and subsequently cultured in cell-free media.
METHODS
Experiment 1: SMCA strain of S. mirum inoculated intracranially (IC) into deer, sheep and goats An overview of experiment 1 is shown in Supplementary Fig. S1 (available with the online journal).
Inocula. A SMCA strain of S. mirum, courtesy of Dr Gail Gasparich, Towson University, Baltimore, MD, USA, was used for the inocula in experiment 1 and had undergone multiple passages in M1D broth. SMCA was grown to log phase (1610 9 ) , aliquoted into 1 ml portions mixed 50/50 with sterilized 30% glycerol giving a 15% glycerol mixture and frozen at -80 o C. After thawing, the number of organisms was presumed to be 1610 8 ml 21 as similarly prepared cultures have been enumerated by a standard tenfold titration assay . The formula for M1D broth is published (Whitcomb, 1983) .
Deer study. Four neonatal (5-day-old) female white-tailed deer (Odocoileus virginianus) were inoculated IC with the SMCA strain of S. mirum. Four pen-raised twin pairs of deer were used in the study: for each pair, one twin was used as a control and one was inoculated. The four inoculated neonatal deer were injected IC through the bregmatic fontanelle into the left cerebral hemisphere with 2 ml log phase SMCA culture in M1D media (the dose was determined to be approximately 1610 8 organisms ml 21 by titration assay). The uninoculated twin control group was housed separately from the spiroplasma infection group. The deer were followed for development of neurological signs at which time the animals were anesthetized [by overdose of xylazine (100 mg ml 21 ) administered intravenously at a dose of 2.2 mg kg 21 ], exsanguinated and necropsied. All studies were done according to protocols approved by the Louisiana State University Agricultural Center Institutional Animal Care and Use Committee.
Study in sheep and goats. Other ruminants were similarly tested for susceptibility to SMCA spiroplasma infection, although they received a much lower dose of SMCA inoculum than that given to the deer. One sheep received 1/10 dilution log phase SMCA culture (approximately 1610 7 organisms ml
21
), another sheep received 1/100 dilution SMCA log phase culture (approximately 1610 6 organisms ml 21 ) and a control sheep received 1 ml M1D media IC; all were followed for 16.5 months. In addition, six neonatal goats were inoculated IC with 1 ml SMCA log phase culture (approximately 1610 8 ml 21 ). Of these, five animals were euthanized at 2 months; 1 animal was euthanized at 4 months. Two control goats inoculated IC with M1D media alone were necropsied, one at 2 months and one at 4 months.
Pathological studies. At necropsy, the brains were split sagitally upon removal, the right half was frozen at 220 o C and the other half fixed in 20% buffered formalin for 2 weeks. The fixed brain was sectioned at the juncture of brain stem and cerebrum, and the cerebellum was separated from the brain stem. Each portion was individually weighed and compared one to another. The cerebella from the spiroplasma-inoculated ruminants were consistently smaller by weight than the normal controls. Standard sections were taken from each portion, and included cerebral cortex, hippocampus, basal ganglia, upper brain stem, lower brain stem including obex, cerebellum and spinal cord; all sections were stained with haematoxylin and eosin. The hippocampi were carefully examined for evidence of hypoxia or autolysis. These procedures applied to all ruminant animals studied.
Immunohistochemistry. In the deer study where the laboratory strain SMCA spiroplasma had been inoculated, immunohistochemistry using standard procedures was carried out in regions of the brain stem of deer 2 where lesions were identified by light microscopy. The primary antibody against SMCA (courtesy of Dr Gail Gasparich, Towson University, Baltimore, MD, USA) had been generated in rabbits by direct inoculation of the organism, since spiroplasma does not induce disease in adult rabbits (Kirchhoff et al., 1981) .
EM. The site in the brain stem of deer 2 where immunocytochemistry had revealed the presence of spiroplasma antigens was further studied by transmission EM (TEM). A small 1 mm cube sampling was obtained from brain tissues just below the floor of the fourth ventricle, where extensive vacuolization had been noted on light microscopy, and organisms had been found by immunohistochemistry. These samples were post-fixed in 1.25% glutaraldehyde, 2% formaldehyde, 0.1 M cacodylate buffer (pH 7.4) for 1 h and processed for EM using standard methodology. Vacuolated neurons were identified on certain of the thick Epon sections, and adjacent thin sections were cut from those Epon blocks and examined using a JEOL electron microscope (JEM 1011).
Experiment 2: Spiroplasma spp. were isolated via passage in embryonated eggs from TSE-infected brains then inoculated IC into ruminants An overview of experiment 2 is shown in Supplementary Fig. S1 (available with the online journal). Approximately 250 mg scrapie-, CWD-, or CJD-affected brain tissues, or normal sheep or deer brain controls, were homogenized in 3 ml M1D media (Whitcomb, 1983) , centrifuged at 10 000 g for 1 min and the supernatant filtered (220 nm) then inoculated into the yolk sac of 8-day-old pathogen-free embryonated eggs (Charles River Laboratories). Ten eggs were inoculated each with 100 ml aliquots of the supernatant derived from the TSE-affected brain. Following 9 days incubation at 37 uC in a humidified incubator, the egg shell over the air sac was removed, and the amniotic and allantoic fluids were aspirated and added directly to 5 ml fresh M1D broth, then the tubes were stoppered and placed in a humidified incubator at 37 uC. Vancomycin (30 mg ml
) was added to each tube to prevent bacterial contamination. Cultures were blind passaged every two weeks by mixing 50/50 with fresh M1D media and examined biweekly using phase microscopy at 61000 (oil emersion) for the presence of motile helices. At 2 months post-inoculation, when bacteria appeared plentiful by phase microscopy, 2 ml culture was centrifuged at 14 000 g for 20 min, and the pellet examined morphologically and molecularly for the presence of spiroplasma. Samples of the initial passages from each TSE case were frozen in 1 ml aliquots 50/50 with 30% sterile glycerol for future inoculation into ruminants. Control eggs were inoculated either with M1D media alone or with normal sheep, deer or human brain homogenates processed as above for the TSE-affected samples. The controls were similarly examined by phase microscopy and molecular studies for the presence of spiroplasma.
EM studies of egg-passaged cultures. Spiroplasma were searched for in the cell-free broth obtained from the TSE-affected brains via passage through embryonated eggs by both TEM and negative stain EM. At 2 months of incubation, when phase microscopy revealed sufficient numbers of motile helices, a centrifuged pellet was fixed in 3% buffered glutaraldehyde and processed as above for TEM. Also a drop of the concentrated culture was air-dried on a Formvar-coated grid and prepared for negative stain EM. The EM studies used standard methodology.
Molecular studies. Molecular identification of spiroplasma was possible since our discovery of spiroplasma-specific oligonucleotide primers sets for PCR (Bastian et al., 2004) . DNA was extracted using standard phenol/chloroform methodology from a centrifuged pellet of the cell-free culture containing the isolate described above. PCR was carried out using oligonucleotide primers that specifically identified a 270 bp portion of S. mirum-related 16S rDNA (Bastian et al., 2004) (Supplementary Fig. S2 , Supplementary Fig. S3 available with the online journal). The DNA from the amplified PCR product was extracted and cloned using standard methodology then submitted for DNA sequencing. BLAST analysis of the sequence on the GenBank database established the relationship of the spiroplasma isolated to S. mirum ( Supplementary Fig. S3 available with the online journal).
Inoculation into ruminants. The cell-free broth isolates of Spiroplasma spp. obtained from scrapie-or CWD-affected brains via passage in embryonated eggs were then inoculated IC into sheep and goats. The titre of the inocula could not be determined since the Spiroplasma spp. derived from the egg passage showed fastidious growth and had not been adapted to growth on agar. Three neonatal sheep were inoculated IC with 1 ml Spiroplasma spp. isolated from scrapie-affected sheep brain and another neonatal sheep was inoculated IC with 1 ml spiroplasma isolated from CWD-affected deer brain. The sheep were euthanized and necropsied at 11 months. Four neonatal goats were inoculated IC with 1 ml Spiroplasma spp.
isolated from scrapie-affected sheep brain, and were euthanized and necropsied at 12 months. In addition, five neonatal goats were inoculated IC with 1 ml Spiroplasma spp. isolated from CWD-affected deer brain and were euthanized and necropsied at 11 months. One neonatal goat was inoculated IC with 1 ml M1D media and was euthanized at 11 months.
Prion detection. The CJD spiroplasma isolate preparations were tested for the presence of abnormal prion proteins using methodology recently developed in our laboratory. Protein was extracted from a centrifuged pellet of the culture using guanidine (Bastian et al., 2005) and tested for presence of prions by Western blotting using the 3F4 anti-prion mAb.
RESULTS AND DISCUSSION
Experimental infection with SMCA In experiment 1, three of four deer inoculated with spiroplasma developed clinical signs of neurological deterioration, while the controls remained clinically normal. In the SMCA infection group, deer 1 developed dysphagia and stopped eating at 1.5 months. The veterinarian examining the deer considered the clinical signs to be neurological in origin, and necropsy findings supported his assessment ( Supplementary Fig. S4 available with the online journal). Deer 2 at 3.5 months was unable to stand or walk, startled easily and stopped eating. She developed a constant grinding of the teeth (bruxism), which was indicative of degenerative brain disease and has been seen in natural scrapie in ruminants (Hadlow, 1961; Haig & Clarke, 1965) . Her ears were laid back, her tail remained tucked tightly over the perineal region and her rumen at necropsy was dilated and water-filled, indicating polydipsia. Her rib cage was prominent suggesting significant wasting. One week prior to the onset of clinical disease she had appeared normal. The rapid progression of these types of clinical signs was typical of CWD (Spraker et al., 1997) . Deer 3 developed signs of ataxia at 5.5 months and was necropsied. The fourth SMCA inoculated deer (deer 4) was also necropsied at 5.5 months with no evidence of clinical disease. The four un-inoculated control deer showed no clinical signs of disease during the course of the experiment; two control deer were necropsied at 4.5 months and two were necropsied at 5.5 months at the termination of the experiment.
All deer brains were uniformly examined at necropsy to determine the location and nature of any lesions. For the most part, the spiroplasma-inoculated deer brains showed no gross anomalies, except in deer 3 where the brain showed marked hydrocephalus. The cerebella in each of the spiroplasma-inoculated deer were smaller by weight compared to cerebella of the normal control deer. The haematoxylin and eosin stained sections revealed spongiform encephalopathy in the cerebral cortex, cerebellar cortex and the brain stem of spiroplasma-infected deer, while brains from corresponding control deer were histologically normal. The SMCA-inoculated deer 1 showed early changes of spongiform encephalopathy with vacuolization of the neuropil in the cerebral cortex and cerebellar cortex ( Supplementary Fig. S4 available with the online journal). The SMCA-inoculated deer 2 examined 2 months later than deer 1 showed prominent vacuolization of the neuropil in the brain stem (Fig. 1a) and more severe vacuolization of the cerebellar cortex (Fig. 1b) , indicating progression of the disease process. Spiroplasma were identified in the brain stem of deer 2 beneath the floor of the fourth ventricle by immunocytochemistry (Fig. 1c) and by TEM (Fig. 1d, e) . All deer inoculated with S. mirum developed spongiform encephalopathy, while the control deer remained normal. In a follow up control experiment, 5 deer were inoculated IC at 2 months of age with 1 ml M1D media and showed no clinical signs of disease at 8 months.
Other ruminants tested showed susceptibility to SMCA spiroplasma infection. While sheep inoculated IC with the SMCA laboratory strain lacked clinical signs of disease through 16.5 months of observation, upon necropsy, histological examination revealed spongiform encephalopathy dependent upon the dose of inoculum. One sheep that received 1/10 dilution of the log phase SMCA culture (approximately 1610 7 organisms ml 21 ) showed severe spongiform degeneration of the hippocampus, cerebellum and brain stem (Fig. 2a) . Another sheep receiving 1/100 dilution of the SMCA log phase culture (approximately 1610 6 organisms ml
21
) showed a lesser degree of spongiform alteration of the cerebellum (Fig. 2b) . The control sheep received 1 ml M1D media IC and showed no pathology at 16.5 months (Fig. 2c) . All SMCA-inoculated goats showed minimal vacuolization of the neuropil in comparison to the controls (data not shown); the lesions were consistent with the early sampling in the experiment. The hippocampi were well preserved in all instances, lacking evidence of hypoxia or autolysis indicating rapid fixation of the brains following necropsy. Therefore, sheep and goats were susceptible to experimental SMCA spiroplasma infection and developed a progressive spongiform encephalopathy.
Isolation of Spiroplasma spp. from TSE-affected brains
In the second series of experiments, Spiroplasma spp. were isolated from brains of sheep affected with scrapie, CWDaffected deer brains and CJD-affected human brains via passage in embryonated eggs followed by cultivation in cell-free M1D media. The rationale for this approach was that the initial isolation of SMCA from mice inoculated with homogenized rabbit ticks used this methodology (Clark, 1974) . The TSE-affected brains from which the spiroplasma isolations were obtained had previously been documented to contain spiroplasma 16S rDNA by molecular studies (Bastian et al., 2004) . After 9 days incubation at 37 u C, the TSE-inoculated embryonated eggs revealed under-developed or dead embryos, while the eggs inoculated with media alone or normal brain tissue had normal developing embryos. After transfer of the allantoic fluid from the eggs into the cell-free broth, the cultures derived from the TSE-inoculated eggs showed acidification after 16 days incubation at 37 u C, at which time phase microscopy (61000) revealed motile helices. Further growth of the Spiroplasma spp. from the TSE brains required blind passages every 2 weeks for 2 months until sufficient numbers of spiroplasma were identified by phase microscopy to allow EM and molecular studies. Spiroplasma spp. were identified in the cultures both by negative stain EM (Fig. 3a) and TEM (Fig. 3b) . The helical wall-less bacteria measured only 60 nm in diameter (Fig. 3b) . The spiroplasma TSE isolates were further identified by PCR and DNA sequence analysis as being closely related to S. mirum ( Supplementary Fig. S2 , Supplementary Fig. S3 available with the online journal). All seven TSE-affected brains passaged via embryonated eggs resulted in growth of spiroplasma [scrapie-affected sheep brains (2/2), CWD-affected deer brain (1/1), and CJD-affected human brains (4/4)] in cell-free broth, while ) of log phase SMCA culture showed at 16.5 months less advanced spongiform change with vacuolization of the cerebellar cortex in the Purkinje neurons. (c) The cerebellar cortex of control sheep inoculated IC with media examined at 16.5 months showed no pathology. The evolution of spongiform lesions seen in the sheep with a ten-fold increase in inocula titre represents a dose-dependent pathological response, which corroborates our evidence of dose response to experimental S. mirum infection in the rat model . These data correlate with sub-clinical experimental scrapie infections wherein early spongiform changes are seen midway through the incubation period (Hadlow, 1961; Race et al., 2002) . Magnification ¾400.
(a) (b) Fig. 3 . Spiroplasma spp. isolated from TSE-affected brains via passage in embryonated eggs. (a) Two entwined helical spiroplasma derived from CJD brain tissues via passage in embryonated eggs are demonstrated by negative stain EM in a cell-free culture. These CJD Spiroplasma spp. isolates were morphologically identical to spiroplasma isolated from scrapie-affected sheep brains as shown by negative stain EM in cell-free broth ( Supplementary Fig. S5 available with the online journal). Bar, 500 nm. (b) Spiroplasma spp. were also identified by TEM of the pellet of cell-free broth culture derived from egg-passaged scrapieaffected sheep brain. Bar, 20 nm. The organism, sectioned obliquely, was seen as a wall-less bacterium that measured 60-100 nm in diameter. This ultrastructural study confirmed that Spiroplasma spp. had been isolated from the TSE-affected brains via passage in embryonated eggs; further identification of the spiroplasma isolates as being closely related to S. mirum was determined by PCR and DNA sequence analysis (Supplementary Figs S2 and S3 available with the online journal) (Bastian et al., 2004) . The ability to isolate Spiroplasma spp. from essentially all TSE-affected brains tested (Supplementary Table S1 available with the online journal) is significant since it will enhance further investigations of TSE causality and pathogenesis.
passage of control normal brains [including human brains (0/3), sheep brains (0/3) and deer brains (0/3)] or media alone showed no evidence of spiroplasma growth (Supplementary Table S1 available with the online journal). These studies represent compelling evidence for the presence of spiroplasma in TSE.
Experimental infection with Spiroplasma spp. isolated from TSE-affected brains While none of the ruminants inoculated with the TSE spiroplasma isolates developed clinical signs of disease, all showed pathology at necropsy. In natural scrapie, pathology in the brain typically is seen midway through the incubation period (Hadlow, 1961; Race et al., 2002) . At 11 months, one goat and one sheep, each inoculated IC with spiroplasma derived from scrapie-affected sheep brain, showed severe cerebellar and hippocampal spongiform degeneration with neuronal vacuolization in the brain stem (Fig. 4a, b, c, d ). There was vacuolization of the cerebellar white matter in the spiroplasma-inoculated goat (Supplementary Fig. S5 available with the online journal); cerebellar white matter involvement has been reported in both natural scrapie in goats and experimental scrapie in mice (Haig & Clarke, 1965) . The other sheep and goats inoculated with the scrapie spiroplasma isolates showed a lesser degree of spongiform change. Such variation of clinical signs and pathology is typical among ruminants experimentally inoculated with natural scrapie (Hadlow, 1961; Haig & Clarke, 1965) . Another goat inoculated with spiroplasma derived from a CWD-affected deer brain showed spongiform change involving the cerebral cortex, cerebellum and brain stem (Fig. 4e, f) . A control goat and sheep inoculated IC with M1D media alone revealed no pathology at 11 months (data not shown), indicating that lesions in the spiroplasma-inoculated animals were due to the presence of the organism. It is noteworthy that the intraneuronal vacuoles in the cerebellar cortex and brain stem seen in the Spiroplasma spp. inoculated ruminants were identical to lesions typical of naturally occurring TSE (Hadlow, 1961; Spraker et al., 1997) .
Experimental spiroplasma infection in ruminants: a model for TSE
The susceptibility of ruminants, natural hosts of TSE, to experimental spiroplasma infection, raises the issue of the role of spiroplasma in the pathogenesis of TSE. The similarities of the clinical spiroplasma infection in deer to natural TSE were striking. Deer 2 after 3.5 months incubation suddenly developed clinical signs consistent with CWD. Such rapid clinical deterioration has been seen in experimental scrapie infection in goats (Hadlow, 1961) and in sporadic CJD in humans (Bastian, 1991) . The incubation period in the spiroplasma-infected ruminants appeared directly related to dose. This dose response was evident in studies of sheep inoculated with different dose dilutions of SMCA. The pathological studies of the spiroplasma-infected ruminants showed remarkable similarities to natural TSE infections in these same hosts, both in distribution of lesions and manifestation of the pathological lesion. Other causes of spongiform encephalopathy were considered but ruled out since the controls, which were receiving the same food and water, and were maintained in a manner similar to the spiroplasmainoculated animals, remained normal and demonstrated no significant gross or histological evidence of exposure to toxicants or other infectious agents. When inoculated with the Spiroplasma spp. isolates derived from TSE-affected (Hadlow, 1961) . (c) The brain stem and (d) cerebellar cortex from a sheep inoculated with a scrapie spiroplasma isolate showed similar histological changes as (a) and (b). (e) The brain stem and (f) cerebellar cortex at 11 months from a goat inoculated IC with Spiroplasma sp. isolated from a deer brain affected with CWD showed intraneuronal vacuolization characteristic of natural CWD (Spraker et al., 1997) . The remarkable close resemblance of lesions induced by Spiroplasma spp. isolated from TSE-affected ruminant brains to natural TSE in these same animals strongly suggest ruminants as the preferred experimental models for study of TSE pathogenesis. Magnification ¾400.
brains, the sheep and goats exhibited intracytoplasmic neuronal vacuoles that are pathognomonic of scrapie or CWD (Hadlow, 1961; Spraker et al., 1997) . Spiroplasma were demonstrated at the site of these lesions in the deer brain stem by immunohistochemistry and EM consistent with their direct involvement in the pathological process. Of great significance is that spiroplasma isolated from TSEaffected brains, and inoculated into sheep and goats, induced TSE. Other routes of induction of spiroplasma infection should be tried in these ruminant models, although prior peripheral inoculation studies in the rat model have shown S. mirum to be neurotropic (Bastian et al., 1987b ).
It will be important to determine if prion is deposited in brains of ruminants wherein spiroplasma has induced TSE. Prion was not found in Spiroplasma spp. cell-free broth preparations derived from CJD brain by Western blotting, suggesting that prions were removed through egg passage and subsequent repeated dilutions of the cell-free broth. In studies carried out in the 1980s, we showed that polyclonal rabbit antisera prepared against ME7 scrapie infectionspecific proteins (courtesy Dr Rubenstein, Institute for Basic Research in Developmental Disabilities, 1050 Forest Hill Road, Staten Island, NY 10314, USA) cross-reacted with detergent/protease-treated spiroplasma proteins derived from broth culture by Western blot (Bastian et al., 1987a) . However, we were not able to definitively identify prions in the preparations since prion mAbs were not available to us at that time. One potential problem in resolving this issue is that animals inoculated with materials derived from a different animal species require adaptation of the transmissible agent to the tissues by serial passage before prions are formed (Manuelidis et al., 1997; Lasmèzas et al., 1997; Race et al., 2002) . The resolution of this issue may not be determined until future experiments are carried out using serial passages in the ruminant TSE model.
In conclusion, spiroplasma, whether a multi-passaged laboratory strain originally isolated from ticks or a novel strain isolated from TSE-affected sheep or goat brains via passage in embryonated eggs, induced spongiform encephalopathy in ruminants when inoculated IC. These data provide the impetus for future epidemiological studies to determine the frequency of the association of spiroplasma with TSE. This effort will require identification of spiroplasma by serological reactivity in natural TSE cases with spiroplasma antigens (Moyer, 2004) , by molecular probes of TSE-affected tissues for spiroplasma ribosomal DNA (Bastian et al., 2004) , or by direct isolation of spiroplasma from TSE-affected brains as reported in this study. Molecular studies may be capable of elucidating the variability of spiroplasma strains involved in TSE as inferred from a prior study (Bastian et al., 2004) . Nonetheless, this study emphasizes the importance of future TSE experiments utilizing the ruminant model that will provide needed information regarding the role and interaction of a variety of factors involved in TSE pathogenesis, including spiroplasma and the prion.
